Abstract We study the rupture process of the 1 January (M w ‫ס‬ 7.9), 16 July (M w ‫ס‬ 6.6), and 22 (M w ‫ס‬ 7) July 1996 earthquakes in Sulawesi, Indonesia. A teleseismic body waveform inversion of very broadband records shows that these events occurred beneath the accretionary prism. The main shock was due to a well determined fault with a strike of 53ЊN and a very shallow dip of 7Њ. From its source-time function duration (30 sec) and the aftershock distribution we estimate a rupture area of 90 ‫ן‬ 60 km 2 and an average slip of 1.80 m. The surface displacement computed with our best model fits well the displacement vector at the only available GPS station at Tomini. The tsunami generated by the mainshock had an approximate source radius of 45 km which roughly agrees with the rupture size estimated above. The earthquakes took place in a relay zone between the trench and the Palu-Koro transcurrent fault. They ruptured a shallow dipping thrust fault which corresponds to the subduction interface under the North Sulawesi arm. The slip vectors of all the events have a NNW orientation parallel to the direction of convergence between the North Sulawesi arm and the Celebes Sea. Among the peculiarities of the rupture process, we found that the July 22 aftershock was the only event to have a well defined precursor 1.8 sec before the main P-wave onset.
Introduction
The Minahasa, Indonesia earthquake of 1 January 1996 is the largest event (M w ‫ס‬ 7.9) that has struck Northwestern Sulawesi in this century (Fig. 1) . The epicenter is located approximately 25 km from the Tonggolobibi village and 180 km north of the Palu-Koro fault (see Table 1 and Figures 1 and 2). The earthquake was followed by a tsunami (Pelinovsky et al., 1996) which affected a zone of about 100 km of the island.
Sulawesi is located near the triple junction of the Eurasian, Australian, and Philippines Sea Plates. The Northern Sulawesi arm overrides the Celebes Sea plate at a relatively slow convergence rate of 4 cm/yr. This rate has been deduced from geological (Silver et al., 1983) , paleomagnetic (Otofuji et al., 1981; Surmont et al., 1994) , and GPS observations (Walpersdorf et al., 1998a) . The finite rotation of the North Sulawesi arm, welded to the Sula block since 15 Ma, is less than 25Њ (Walpersdorf et al., 1998a) during the last 5 Ma. This implies that some 250 km of the Celebes oceanic crust have been subducted southward.
Three large earthquakes of magnitudes between 6.6 and 7.9 took place between January and July 1996 inside a region that had been surveyed in the framework of the program GEODYSSEA (Wilson et al., 1998) . In association with that program, a linear array of GPS sites has been repeatedly surveyed across the Palu-Koro strike-slip fault that cuts through the Eastern arm of Sulawesi (Walsperdorf et al., 1998c) near the site of the 1996 events. These events are the largest wellrecorded earthquakes in the region, so they are of particular interest for understanding the seismicity and tectonics of the Northern Sulawesi subduction zone.
In this article we use a variety of data sets in order to determine the seismic rupture of the events of 1996. We use bathymetric and gravity data to verify the location and shape of the trench. Then we model in detail the 1 January 1996 mainshock (M w ‫ס‬ 7.9) and the aftershocks of 16 July (M w ‫ס‬ 6.6) and 22 July 1996 (M w ‫ס‬ 7.0). Using teleseismic body-waveform inversion we determine their centroid depths and moment tensors. From the distribution of aftershocks relocated using a master event technique we constrain the geometry of the rupture zone and outline the subducting plate. We show that the earthquakes were due to a shallow-dipping thrust fault that roughly coincides with the interface between Sulawesi and the Celebes Sea subduction zone.
Tectonic Setting
The Sulawesi Island lies near the triple junction between the Eurasian, Australian, and Philippine Sea Plate (Fig. 1) . The geodynamic evolution of this complex region shows that intraplate shortening is still taking place along several weak zones like the Sulu trench (in Northern Kalimantan), the North Sulawesi trench (NST), and the Eastern arm of Sulawesi (Silver et al., 1983; Rangin et al., 1990 K a l i m a n t a n Raw seismicity is shown in (a), events relocated by a Master event method are shown as black circles in (b). The aftershocks roughly define a zone parallel to the Northern coast line of Sulawesi and are not parallel to the trench. The shading in the ocean indicate free air gravity that follow the trench near the subduction front. Focal mechanisms correspond to the three largest earthquakes of 1996.
the deformation is accommodated by the Matano and PaluKoro faults located at the southern and southwestern limits of the Sula block, respectively (Silver et al., 1983; Rangin, 1989) . The NST absorbs a large part of the collision of the Sula Block with the Eurasian Plate. The North Sulawesi arm is a north-facing island arc that was once east facing but that has rotated to form the north and southern arms of Sulawesi (Hamilton, 1979) . Silver et al. (1983) considered evidence in favor of clockwise rotation of Sulawesi around a pole located at the eastern end of the arm, which was later located by Walpersdorf et al. (1998b) at 126.2Њ E and 2.9Њ N. Surmont et al. (1994) using paleomagnetic data and Walpersdorf et al. (1998b) from GPS measurements estimated that the rotation angle is about 20Њ-25Њ. Additional evidence in favor of rotation is the increasing width of the accretionary wedge westward along the Northern Sulawesi margin (Silver et al., 1983; Kopp et al., 1999) . Rotation probably occurred as a consequence of NNW movement of Sulawesi along the left-lateral Palu-Koro transcurrent fault (Silver et al., 1983; Surmont et al., 1994) , produced by a northwestern motion of the Sula platform relative to South Sulawesi. During the rotation some 250 km of the Celebes Sea were subducted beneath North Sulawesi during the last 5 Ma. Because no arc volcanism is associated with this southward subduction (Rangin and Silver, 1991) , it is possible that the slab has not yet reached the depth where partial melting occurs (Surmont et al., 1994) .
Bathymetry and Gravity Figure 1 shows the bathymetry and topography around Sulawesi based on ETOPO-5 (NGDC, 1988) data. The topography shows that the NST is parallel to the northern arm of Sulawesi, in which water depths reach nearly 5500 m. The bathymetry defines a clear EW orientation for the trench. Hamilton (1979) proposed that the NST was slightly curved near its intersection with the seaward extension of the Palu- Koro fault. Unfortunately the bathymetry is not accurate enough to resolve this kind of detail. Figure 2 shows the free-air anomalies around the North Sulawesi arm derived from satellite measurements by Sandwell and Smith (1997) . As in most trenches, a gravity trough closely mimics the bathymetry of the Southern Celebes sea basin. In Figure 2 , the NST is associated with gravity anomalies from ‫09מ‬ mgal to ‫51ם‬ mgal. There is no evidence in gravity anomalies nor in the bathymetry for any change of orientation of the NST near its intersection with the PaluKoro fault (Figs. 1 and 2) .
Seismicity
Indonesia has a seismic network concentrated around Sumatra and Java, so local earthquake locations in Sulawesi are not very good; hypocentral depth control is particularly poor because all the Indonesian stations are in a narrowazimuthal range. For these reasons we could only use the aftershock activity reported by the USGS, even though these observations have high uncertainties, with most of the hypocenters having a quality C or D. We relocated these events using the master event technique (Fitch, 1975) . Many aftershocks could not be relocated because of their poor station distribution or the bad quality of the readings, so finally we could only relocate 21 events. Figure 2 shows the horizontal distribution of aftershocks in the first four weeks following the main shock. The aftershocks form an elongated cloud roughly oriented N55Њ E stretching for more than 90 km along the trench. Figure 3 shows lower hemisphere projection of the shallow depth focal mechanisms listed in the Centroid Moment Tensor (CMT) catalog by Harvard (HRV) and USGS since 1977. The epicentral determinations from USGS solutions are shown in Figure 3a . Even though the aftershock distribution of Figure 2a is oblique with respect to the trench, the compressional axis of most of the moment tensors is subhorizontal and trends almost NS. The CMT seismicity is predominantly strike-slip around the Palu-Koro fault and changes to under-thrusting toward the east (Figure 3a) . Figure 3b shows a cross-section of the centroid depths from HRV-CMT. These events are clearly not sufficient to determine the geometry of the Celebes sea Wadati-Benioff zone, but it is in very good agreement with the subduction geometry proposed by Cardwell et al. (1980) and Jarrard (1986) . Cardwell et al. (1980) used data reported by several seismological centers from 1959 up to 1977. They could make a number of seismic cross-sections across the NTS, but due to the scarcity of well located events in the area they could not determine the geometry of the Benioff zone in Northwestern Sulawesi. By extrapolation, Cardwell et al. (1980) proposed a shallow dipping plane with a rapid bending geometry. Figure 3b seems to indicate a low dipping plate interface with a rapid bending beyond 130 km landward from the trench, which confirms the geometry proposed by Cardwell et al. (1980) .
The Tsunami
Three destructive tsunamis (1927, 1938, and 1968) occurred in North Sulawesi during this century (Tsuji et al., 1995; Pelinovsky et al., 1996) . The 1 January 1996 earthquake generated a tsunami that affected the coast line for more than 100 km. Unfortunately no tidal gauges were available in the area, so the only available observations of the tsunami are those made by Pelinovsky et al. (1996) after the earthquake. According to eyewitness reports, the maximum observed tsunami run-up were of the order of 1.6-3.4 m above the mean sea level. After corrections for tidal components these values were reduced to 1.0-2. uplift were close to 30-50 cm. Using these observations and the HRV-CMT solution, Pelinovsky et al. (1996) inferred an equivalent radius of the tsunami source of 45 km. This value agrees with our relocated aftershock distribution observed during January 1996 (Fig. 2) . Pelinovsky et al. (1996) assumed that the earthquake fault plane was the subvertical one. As discussed later in this article, this choice disagrees with the low-dipping angle of subduction proposed by Cardwell et al. (1980) , with the body-waveform modeling presented later in this article, and with the GPS observation at Tomini.
Body-Wave Analysis
We performed a body-wave inversion of digital P-and SH-wave seismograms recorded by the IRIS and GEOSCOPE digital networks. The inversion was done by minimizing the sum of the squares of the residuals using an iterative procedure based on a gradient method with a positivity constraint. We inverted for the best double-couple focal mechanism (strike, dip, slip), the scalar moment, the source-time function (STF), and the centroid depth using the algorithm proposed by Nábělek (1985) .
In order to avoid phases coming from the Earth's core and upper mantle, we used data recorded only between 30Њ and 92Њ for P waves, and between 34Њ and 68Њ for SH waves. In order to have the same reference instrumental response at all stations, individual instrument responses were removed from the seismograms and all were convolved with the instrument response of the MAJO instrument in Japan. The main-shock seismograms were integrated to displacement and bandpassed with a third-order butterworth filter between 5 and 125 sec. The July shocks were processed similarly and bandpass-filtered between 2.5 and 111 sec. In order to give the same weight to all the waveforms, an equalization correction was applied to bring all seismograms to the same source-station distance of 40Њ. We gave a lower relative weight to SH waves (Ӎ 0.3). For lack of a local model, a Figure 5 . Variation of normalized rms residual for the hypocentral depth for January 1 Sulawesi earthquake. Panel (a) shows residuals as a function of depth. The stars indicate the scalar seismic moment associated. The broad minimum is due to the very low dipping angle of the fault plane. Panel (b) shows residuals as a function of azimuth for a propagating source. The minimum residual (N56ЊE) indicates a weak directivity effect, so that the source is probably distributed symmetrically about the centroid.
half-space with V p ‫ס‬ 6.40 km/sec, q ‫ס‬ 2.86 gr/cm 3 , and a Poisson coefficient of 0.25 was used as a crustal model for the source area. We consider an average attenuation factor (t*) of 1 sec for P waves and 4 sec for SH waves.
The 1 January 1996 Earthquake
The 1 January 1996 earthquake (M w ‫ס‬ 7.9) shows a relatively simple rupture process. The STF has a total duration of about 30 sec of roughly triangular shape with a large initial moment release during 20 sec, followed by a tail of about 10 sec. Thanks to a very good azimuthal station coverage, we got a very good point-source moment-tension inversion (Fig. 4) . Waveforms were very well fitted. Figure 5a shows the relative residual of the waveform fit as a function of depth. The minimum is rather broad, indicating that several solutions have similar waveform fits. Outside the 16-to 24-km depth interval the misfit increases rapidly, which indicates that these depths can no longer explain observed characteristics of P and SH waveforms. Although the Benioff zone is poorly defined, we fixed the depth at 16 km below the sea floor because this fits well with the rest of the seismicity shown in Figure 3 . The corresponding nodal plane solution has a strike () of 53Њ ‫ע‬ 8Њ, dip (d) of 7Њ ‫ע‬ 3Њ, and a rake (k) of 66Њ ‫ע‬ 8Њ (see Table 1 ). The orientation of the steeply north dipping fault plane is well determined by the data, whereas the strike of the south dipping fault plane may vary substantially.
The low-dip angle obtained from body-wave modeling is in good agreement with the low angle of the dipping plate (Cardwell et al., 1980; Lewis, 1991) , suggesting that the event took place along the thrust interface. This low angle complicates the determination of the fault strike but, fortunately, the very good azimuthal station coverage by P and SH waves strongly constrains the solution (Table 1, Fig. 4 ).
It is interesting to remark that the fault strike coincides with the orientation of the relocated aftershock distribution shown in Figure 2 .
Because the aftershocks are distributed mainly along the fault strike in the NE direction, we attempted an inversion for a finite source. Looking for a directivity effect, we found a weak residual variation along the N56ЊE ‫ע‬ 5Њ direction (Fig. 5b) . We also tested different propagation directions along the azimuth of the fault plane, unilaterally and bilaterally, along the dip, and along the rake. None of these propagation directions improved the waveform fit. Therefore, we conclude that a point-source approximation describes this earthquake well. This apparent absence of directivity is consistent with a relatively small source region and could be due to a highly symmetric rupture propagation. We are aware, of course, that the shallow dip of the fault does not facilitate the determination of the preferential rupture propagation.
From the total STF duration (Figure 4 ), and assuming a typical rupture velocity (v s Ӎ 0.8b ‫ס‬ 3 km/sec, we estimate a rupture length of 90 km, similar to that estimated from the aftershock distribution and in very good agreement with the diameter of the tsunami source area inferred by Pelinovsky et al. (1996) . The seismic moment obtained from our inversion is M 0 ‫ס‬ 3.53 ‫ן‬ 10 20 N m, half of that obtained by HRV (Table 1) . This discrepancy is a typical problem in several shallow subduction earthquakes (Hagerty and Schwartz, 1996; Escobedo et al., 1998) , and it is discussed further in the following sections.
The July 1996 Aftershocks
The Sulawesi region was particularly active during 1996. The mainshock was followed by intense seismic activity for a period of several weeks, and the activity in- Figure 6 . P and SH waveform modeling of the 16 July 1996 Sulawesi earthquake. Solid and dashed lines are observed and synthetic velocity seismograms, respectively. The inverted source time function shows a two step moment release.
creased again in late July; two late aftershocks occurred about 50 km to the NE of the January earthquake on 16 July 1996 (M w ‫ס‬ 6.6) and 22 July 1996 (M w ‫ס‬ 7.0). We carried out a similar waveform inversion for the aftershocks as for the January event, although in order to preserve waveform details we inverted velocity records instead of displacement. In this way we preserve the small precursor observed a few seconds before the 22 July 1996 earthquake.
For the 16 July 1996 aftershock, the model converged poorly toward the fault-plane solution shown in Figure 6 . We observe a well-defined subvertical nodal plane, whereas the subhorizontal one is practically unconstrained. Because of its small dip angle the waveforms are insensitive to the strike of the plane; for this reason we decided to reduce the space of solution by introducing an additional assumption. Given the aftershock distribution and the fault-plane solution of the January earthquake, we forced the fault strike to be as close as possible to that of the main shock, the nodal stations around the subvertical plane are well fitted when we do this. Under this assumption, we obtained a solution that converged rapidly: ‫ס‬ 51Њ, d ‫ס‬ 5Њ ‫ע‬ 5Њ and k ‫ס‬ 59Њ ‫ע‬ 8Њ, with a scalar moment of M 0 ‫ס‬ 0.1 ‫ן‬ 10 20 N m and a centroid depth of 18 ‫ע‬ 2 km (see Table 1 ). The STF is characterized by an episodic history and a short duration of about 20 sec (Fig. 6) ; most of the moment release occurs in the first 12 sec. Although the fit of P waves is good, the initial onset is difficult to fit at most of the stations. Similar waveform fitting problems were found for the SH waves, especially for stations located in the NE quadrant.
The 22 July 1996 earthquake had a duration of about 26 sec, and its STF is more complex than that of the January earthquake due to the presence of a precursory phase. The centroid depth was found to be 24.5 ‫ע‬ 2 km, the fault orientation was ‫ס‬ 51Њ ‫ע‬ 5Њ, d ‫ס‬ 10Њ ‫ע‬ 3Њ and k ‫ס‬ 56Њ ‫ע‬ 8Њ (Fig. 7) , and the seismic moment was M 0 ‫ס‬ 0.24 ‫ן‬ 10 20 N m ( Table 1 ). The dip angle is slightly steeper than that of the January main shock, but the difference is well within the range of uncertainty of the solution (Table 1 ). Even if this event was deeper, it had a similar fault orientation as that of the two other events (Table 1) . Because of the general similarity of the three events, we propose that they all took place on the interplate fault zone (Fig. 3) .
Seismic Waveform Signature
We compared the displacement waveforms of the three events at several stations in order to determine whether the similarity of focal solutions is also reflected in the waveforms generated during the rupture processes. For the comparison, we removed the instrument response, and all the seismograms were integrated to displacement, bandpass filtered, and normalized. Figure 8 shows the P waveforms obtained for CTAO station (in Australia). They are similar for the three earthquakes, though a small difference appears on the 22 July signals, which are somewhat more complex due to the presence of a clear precursory phase. The same procedure with similar results was carried out at different stations, indicating a similar seismogenic signature for all the events.
Modeling Surface Displacements
We compare our modeled displacements with those obtained from geodetic measurements by Walpersdorf et al. (1998b) . They estimated the displacements produced by the earthquake eliminating the regional deformation produced by the rotation of the North Sulawesi arm. Among the benchmarks located in Northern Sulawesi, only that of Tomini (TOMI) recorded significant displacements. We model the surface displacements using the best fault-plane solution for the 1 January 1996 earthquake (Table 1) . We assume that seafloor deformation is caused by uniform slip on a rectangular fault of 90 km ‫ן‬ 60 km embedded in an elastic halfspace (Okada, 1985) . Considering a centroid depth of 16 km, the upper and lower edges of the fault are 12.3 km and 20 km, respectively. Taking a rigidity of 3.6 ‫ן‬ 10 10 N/m 2 , we obtain a dislocation (D ‫ס‬ M 0 /lS) of about 1.80 m (Figure 9) .
Our synthetic displacements (Fig. 9 , Table 2 ) fit quite well those observed by Walpersdorf et al. (1998b) . According to our model, the central Sulawesi stations (WATA, PALU, and TOBO) around the Palu-Koro fault, may have also recorded weak displacements produced by the earthquake (Fig. 9) ; unfortunately, the displacement of these stations is predicted to be as weak as the uncertainties of measurement in the GPS data.
Finally, we computed the slip vector at TOMI assuming that the earthquake took place on the subvertical plane as proposed by Pelinovsky et al. (1996) . We found that for this fault model the slip vector at TOMI would have been smaller and in the opposite direction to the regional slip vector over the fault. Thus, a displacement field produced by subhorizontal plane, obtained by body waves, is in better agreement with the regional slip direction.
Seismic Precursor
It is very important to study the rupture process of large events in as much detail as possible in order to properly characterize the rupture process. Among the three earthquakes studied here only the 22 July event presented a complex history including a clear P-wave precursor. We do not know whether this kind of phase is common or rare in the region, but its observation is important because it may be associated to the initiation of earthquake rupture (Ellsworth and Beroza, 1995; Abercrombie and Mori, 1994) . We verified that the precursor of the 22 July event was not an artifact due to the noncausal finite-impulse-response (FIR) filters used in modern seismic recording systems (Scherbaum and Bouin, 1997) .
In Figure 10 we show the stack of several very broadband (VBB) seismograms of the 22 July 1996 event recorded at increasing distances along a common azimuth. The stack should suppress multipathing and site effects, so we expect that the stacked signal contains mostly source information. We estimated the seismic moment of the precursor as about 1.3% of the main moment release. Thus, with a scalar moment of 5.0 ‫ן‬ 10 17 N m, the precursor equivalent to an event of magnitude of about M ‫ס‬ 5.9. Using the master event technique (Fitch, 1975) , we relocated the origin of the precursor at 1.8 sec prior the largest moment release of the earthquake 4.3 km seaward in the N26ЊW direction.
In Figure 11 we show deconvolved velocity waveforms for the three events as recorded at two stations, ARU in the dilation quadrant and KMBO in the compressional one. We observe that the 1 January earthquake seems to have a small phase preceding the P-wave onset that is observed at several azimuths. For this event, the main moment release arrives before the end of the precursor; its duration is somewhat shorter than 1.5 sec. The deconvolved velocity waveforms in Figure 11 are a typical example of the variability of precursors of large earthquake observed using VBB data.
Results and Discussion
The study of the 1 January 1996 earthquake in the NW Sulawesi region shows that this event had a relatively simple moment release. Thanks to a very good azimuthal station coverage, the orientation of the steeply dipping nodal plane of the three earthquakes was well constrained. The strike of the almost horizontal shallow fault plane was more difficult to resolve, because the stations are concentrated near the center of the focal sphere. In spite of this problem, when the strike of the plane is outside the range from 46Њ to 66Њ, the misfit between observed and synthetics increases rapidly, so that only a small range of solutions can simultaneously explain the inverted body waveforms. The dip (around 7Њ) determined here is similar to that of many subducting plates Table 2 Displacements Determined by a Dislocation of 1.8 m due to Sulawesi Earthquake of 1 January 1996 at trenches in the western Pacific (Watts and Talwani, 1974; McCaffrey and Nábēlek, 1984; Becker and Lay, 1995) . These earthquakes involve an active thrusting seawards of the North Sulawesi arm. We suggest that the south-dipping nodal plane is the active one because this angle agrees well with the dip estimated for the subduction of the Celebes Sea (Hamilton, 1979; Silver et al., 1983; Kopp et al., 1999) .
As shown in the cartoon of Figure 12 , the orientation of the fault plane is oblique to the North Sulawesi trench. The earthquake took place here near the intersection of the subduction zone with the Palu-Koro fault. The oblique distribution of seismicity seems to be just a peculiarity of the aftershock distribution, the slip vector of most events being in very good agreement with the direction of subduction. Most of the fault plane solutions combine a shallow underthrust with 15-20% of left-lateral motion at the subduction interface (Table 1) . We hypothesize that this strike-slip component may be due to an interaction between subduction along the NST and strike-slip faulting along the Palu-Koro fault.
Even though the waveforms of the main shock were well matched, the difference between our scalar moment and that obtained by Harvard is large (Table 1) . From inversion, a large seismic moment is not compatible with body waves for a source at 16-km depth and 7Њ of fault dip. We must note, however, that for shallow thrust events like these, there is a large trade-off between fault depth and moment estimate (Fig. 5) . We do not know why there is such a large difference between moment estimated from body waves with energy centered around 20 sec and the moment determined at lower frequencies by Harvard from long-period body waves (T Ͼ 45 sec) and surface waves (T Ͼ 135 sec). We suspect that the difference in seismic moment may reflect a lower frequency component of the source that we can not resolve from body waves. In any case, we can not settle this question without a simultaneous inversion of surface waves, as it is done by Harvard CMT solution (Ekström, 1989) ; see Hagerty and Schwartz (1996) and Escobedo et al. (1998) for a related discussion. locity waveforms observed for the three 1996 earthquakes at two stations, ARU in the dilatational quadrant and KMBO in the compressional one. The precursor is clear for the 22 July earthquake (up arrow), it is absent on 11 July and the main shock on 1 January presents a small phase which could be a precursor too. Down arrows indicate the P-wave arrival. The 1 January 1996 earthquake is a typical example of an important trade-off between STF and seismic moment that we usually attribute to waveform compensations at low frequencies due to opposite signs of P, pP and sP phases at most stations. This is probably not the case for the main shock because when we analyzed the surface waves (not shown in this article) for this event, we obtained a moment M 0 ‫ס‬ 6.3 ‫ן‬ 10 20 N m, but we also found a source time duration about twice as long as that inferred from body waves. Thus there seem to be a genuine difference in low frequency and higher frequency moments. We must caution, however, that, as discussed by Kanamori and Given (1981) , earthquakes of shallow depths and shallow dips as that of 1 January 1996 excite surface waves very inefficiently, causing some moment-tensor elements (M xz and M yz ) to be difficult to resolve.
Determination of source mechanism was more difficult for the July earthquakes. The strike of the fault of the 16 July 1996 event was poorly determined: the range of possible solutions is large due to a lower signal-to-noise ratio. For the three earthquakes the dip angle of the fault varies between 5Њ and 10Њ. The rake is consistent among all three earthquakes. Although the centroid of the 22 July 1996 earthquake was deeper, its seismogenic characteristics are similar to those of the other earthquakes.
As we mentioned earlier, Pelinovsky et al. (1996) proposed that this earthquake took place on the almost verticalfault plane. We rule out this possibility in favor of shallowdipping fault for at least two main reason. First, the large displacement vector at TOMI can not be matched by slip on a semivertical-fault plane. Second, a magnitude 7.9 earthquake on a subvertical fault plane would have penetrated well below the brittle-ductile transition zone, having a centroid beyond the 30-km depth. Body-waveform modeling is incompatible with source depths greater than 24 km (see Table 2 ).
Even though the three 1996 earthquakes look similar, the 22 July event had a clearly identifiable precursor and a more complex STF, suggesting that local asperities on the fault plane played a more important role for this earthquake. This precursor of about 1.8 sec is a good example that this kind of nucleation phase is not a universal feature of large earthquakes. Unfortunately, our data does not allow us to determine whether this event belongs to a preslip or to a cascade model as proposed by Ellsworth and Beroza (1995) , neither are we able to infer whether this phase is a particular feature in the local rupture process. The main difficulty encountered in this work was the lack of a good local seismic data. A more accurate relocation of aftershocks would have provided a better definition of the three-dimensional geometry of the fault zone.
Conclusions
We analyzed the rupture process of three earthquakes that occurred in the Northwestern part of the Sulawesi Island during 1996. We used body-waveform inversion, tsunami reports, aftershock distribution, and surface displacements in order to define the spatial and temporal evolution of the rupture associated with these subduction events.
The 1 January 1996 earthquake had a simple seismicmoment release. A point-source approximation is enough to fit the observed teleseismic body-wave signals, whose weak NE directivity coincides with the orientation of the aftershock distribution.
The strong similarity of the waveforms of the three earthquakes and their similar seismogenic characteristics indicate these shocks ruptured along the same interface. This seismicity is located far from the trench and it has a trend that is oblique with respect to the direction of the trench. The rupture geometry and the estimated surface displacements are in good agreement with the single available geodetic measurement. The slip vector obtained is oriented NNW and corresponds well with the direction of subduction of the South Celebes sea plate under Northern Sulawesi. The position of the earthquake hypocenters between the NST and the island arc and the fault-plane solutions suggest that the 1996 earthquakes are analogous to thrust events in other subduction zone and represent slip between the subducting and overriding plates. Thus, the Celebes sea subducts with a very shallow dip angle of 7Њ beneath the accretionary prism of the North Sulawesi arm.
Finally, a clear precursor was detected only for the 22 July 1996 event, whereas the main shock of 1 January had a very small precursor practically hidden by the triggering of the main energy release. These observations demonstrate that in spite of the similar characteristics of the rupture process for the three events, precursors are highly variable from event to event.
